**Research Highlights**

\(1\) This study summarized results of changes in nerve microcirculation following peripheral nerve compression.

\(2\) This study reviewed some characteristics of peripheral neural microcirculation including bidirectional blood supply. The blood supply of the distal segment is significantly larger than that of the proximal segment, and the number of anastomotic branches in the middle region is considerably less than that at both the proximal and distal ends. Changes in blood flow are not directly correlated with changes in vascular density or number during neural regeneration.

\(3\) This study provided a new idea for treatment of peripheral nerve lesions through improved nerve microcirculation.

INTRODUCTION {#sec1-1}
============

Nerve regeneration is complicated following peripheral nerve injury. Current studies have mainly focused on intracellular signaling transduction, molecular biological mechanisms, neurotrophic factors and the regeneration of axonal myelin sheaths, Schwann cells and basilar membranes. In contrast, few studies have examined changes in nerve microcirculation following peripheral nerve injury. Nerve tissues and microcirculation are both damaged following nerve injury, and because inflammatory changes, axon growth, and cell regeneration require a large number of nutritive substances and oxygen\[[@ref1]\], damaged microcirculation can hamper neural regeneration and functional recovery. The present study summarized research methods and results of changes in nerve microcirculation following peripheral nerve compression to provide a guide for further investigations into peripheral neural microcirculation and protective mechanisms and to explore new therapeutic methods.

VASCULAR STRUCTURE AND CHARACTERISTICS OF PERIPHERAL NERVES {#sec1-2}
===========================================================

Peripheral nerves have both exogenous and endogenous blood-supply systems. The exogenous blood-supply system, which is located on loose connective tissues around nerves and epineurium, is composed of small arteries and veins from neighboring tissue space and muscular blood vessels. The exogenous blood-supply system serves as sources of nutrients and provide blood flow for the endogenous vascular system\[[@ref2]\]. The endogenous blood-supply system has many anastomoses with the exogenous system, but can exert independent effects. The endogenous system contains three components detailed below: epineurial vessels, a vascular network between nerve tracts, and a vascular network within nerve tracts. (1) Epineurial vessels: distal and proximal segmental vessels anastomose to form epineurial vessels, and blood-flow direction changes depending on the metabolic requirements of different regions of the nerve trunk. Short transverse branches or oblique branches erupt and cross the surface of nerve tracts towards the inner part, forming the vascular network between nerve tracts\[[@ref2]\]. (2) Vascular network between nerve tracts: vascular branches extend and distribute in loose connective tissue between nerve tracts, and this structure is adaptive to the changes in nerve length. When the nerve is dragged, vessels freely stretch within a certain range to ensure normal blood supply of the nerve. Peptidergic, 5-hydroxytryptamine, and adrenergic nerve plexuses in perineurial and epineurial vessels regulate the pressure in these blood vessels\[[@ref2]\]. (3) Vascular network within nerve tracts: The vascular network between nerve tracts extends, traverses the perineurium, enters the nerve tract, and penetrates the endoneurium, forming microvascular networks that mainly contain longitudinally arranged blood capillaries. Anastomotic endoneurial vessels are abundant, composed of single-layer flat endothelial cells and simple-layer basement membrane, accompanied by adventitial cells occasionally. Endothelial cells in small arteries promote phosphorylation, which alters osmotic pressure, and thus plays an important role in local blood-flow regulation. Adventitial cells in small arteries do not differ from cells under a light microscope. The artery diameter is bigger than that of common blood capillaries. Strictly, they are separated from blood capillaries. Adjacent vascular endothelial cells and perineurial cells are tightly connected and form the blood-nerve barrier that prevents intravascular proteins and macromolecular substances from infiltrating the endoneurium, and maintains the stability of the endoneurial microenvironment\[[@ref2]\].

CHANGES IN NERVE MICROCIRCULATION FOLLOWING PERIPHERAL NERVE COMPRESSION AT DIFFERENT REGIONS {#sec1-3}
=============================================================================================

Peripheral nerve compression is a common cause of peripheral nerve injury. Pathological, electrophysiological, functional and prognostic changes can differ depending on the degree, duration, and property of the damage. Nerve ischemia and mechanical injury are the main wounding factors of compressed nerves. Acute short-term compression results in nerve ischemia, hypoxia, edema, increases vascular permeability, and blocks axoplasmic flow. Severe, persistent compression adversely affects microcirculation, causes distal axonal disintegration and Wallerian degeneration of myelin sheaths, and even causes breakage of nerve fibers and motor function loss. Peripheral neural microcirculation, which has an important role in nerve regeneration, can affect nerve injury and regeneration, blood-oxygen supply, neurotrophic effects, maintenance of neural conduction and axonal transport\[[@ref3][@ref4][@ref5][@ref6]\]. The regulatory mechanism of blood supply in peripheral nerves remains unclear, but is probably affected by autonomic nerves, intraneural nutrients, vascular receptors, and mechanical properties\[[@ref3][@ref4][@ref5][@ref6]\]. Peripheral nerves are distributed extensively throughout the body. The anatomic structure of each region is varied, as are the corresponding diseases and pathogeneses.

Facial nerve {#sec2-1}
------------

Wedge pressure in the facial canal and nerve microcirculation disturbances are important pathological factors in facial paralysis. Li *et al*\[[@ref7]\] investigated changes in nerve blood flow following facial nerve compression and decompression using laser Doppler flowmetry, and showed that blood flow decreased from 1 063.1 ± 474.3 mV to 520.0 ± 226.8 mV during 10 g weight compression for 10 seconds, an average decrease of 50 ± 7%. The baseline increased within 1--2 minutes following decompression, and then recovered to pre-operation levels. Sillman *et al*\[[@ref8]\] demonstrated that nerve blood flow decreased by 80--95% following rapid compression of distal facial nerve of the geniculate ganglion, as measured by laser Doppler flowmetry. Yanagida\[[@ref9]\] revealed that Evans blue was exuded from the distal end of the compression site, and the contents of gadolinium-diethylene-triamine-penta acetate were greater in the distal end compared with the proximal end. These results indicated that significant differences in blood supply are detectable between the proximal and distal ends, and the effects on neural function were variable. However, the precise anatomic and blood-supply mechanisms remain unclear. Our team has found a similar phenomenon in the sciatic nerve; the blood supply of the distal nerve exerts significant effects on that of the nerve stump\[[@ref10]\].

Sciatic nerve {#sec2-2}
-------------

The sciatic nerve is a mixed function nerve that has several conveniently separable branches and is therefore an ideal model for studying peripheral nerves. Blood supply of the sciatic nerve is derived from vessels of the proximal buttocks and distal popliteal vessels, which can effectively restore blood flow to the ischemic nerve\[[@ref10][@ref11]\].

### Changes in intraneural vascular permeability following sciatic nerve compression {#sec3-1}

Endoneurial vessels are not permeable under normal conditions, but the permeability increases following nerve injury. Weerasuriya\[[@ref12]\] has confirmed that endoneurial capillary permeability and vascular space peaked at 2--3 weeks following sciatic nerve compression, which was identical to that after transverse injury. Subsequently, endoneurial vascular space returned to near-normal values, but endoneurial capillary permeability reached a second peak at 9 weeks. Nevertheless, both endoneurial capillary permeability and vascular space began to decrease 2--3 weeks after nerve transverse injury, and were close to a normal levels 6 weeks later. The increase in endoneurial capillary permeability was probably correlated with axon decomposition products, chemical signal conduction of Schwann cells, and endoneurial debris clearance. Compressed nerves differed from those with transverse injuries in having a second increase in endoneurial capillary permeability that was probably associated with homeostatic mechanisms of the endoneurium\[[@ref12]\]. Rapid regeneration of axons and myelin sheaths increased nerve blood-exchange, resulting in the second increase in vascular permeability\[[@ref12]\]. Sparrow and Kiernan\[[@ref13]\] reported that endoneurial capillary permeability increased from 1--21 days following nerve compression, which was consistent with results from a previous study\[[@ref12]\]. The permeability markedly increased in the distal part during axonal regeneration\[[@ref13]\]. Although a rapid increase in endoneurial permeability was consistent with a rapid increase in axons, permeability did not change within 6 hours when axonal regeneration was inhibited\[[@ref13]\]. Intraneural vascular permeability was strongly associated with axonal regeneration. Changes in vascular permeability during axonal regeneration are probably affected by vasoactive substances, which are secreted in nerve growth cones. Increases in vascular permeability can induce increases in plasma protein expression and contribute to axonal regeneration.

### Changes in intraneural vascular number and density following sciatic nerve compression {#sec3-2}

Vascular regeneration has been shown to follow peripheral nerve injury\[[@ref14]\], and plays an important role in neural regeneration and functional recovery. However, factors affecting the number and density of regenerated vessels deserve further investigation. Podhajsky and Myers\[[@ref15]\] found that the vascular reaction of injured nerves was composed of two peak phases: the first phase appeared at 1 week following injury; vascular radius and perimeter increased, but vessel number decreased. The second phase appeared at 6 weeks following injury; vessel number and density increased. In early stages of the first phase, vascular reaction was correlated with macrophage aggregation, axon disintegration, and myelin sheath clearance when Wallerian degeneration began. In the second phase, the increase in vessel number was associated with cell proliferation, axonal extension, and myelination during neural regeneration. Nevertheless, Nukada\[[@ref16]\] has demonstrated that endoneurial capillary number increased from 1--8 weeks following injury, and that while vessel number and density of injured nerves also increased, blood supply did not recover to normal in the late stage of neural regeneration. These inconsistent results may be associated with the degree of injury and the manner and degree of regeneration.

### Changes in nerve microcirculation following sciatic nerve compression at different time points and pressures {#sec3-3}

Sciatic nerve compression of different durations and pressures has been shown to have varying effects on changes in nerve injury and microcirculation. Jacobs and Ro\[[@ref17]\] confirmed that intraneural blood flow was stopped within 8.5 hours of compression and ischemia, motor function changes, Schwann cell necrosis, and axon injury appeared. At 48 hours, endoneurium had developed edema and severe nerve fiber degeneration. Ju *et al*\[[@ref18]\] showed that blood flow reduced following 30.5 mmHg compression of the sciatic nerve, and at 102.8 mmHg blood flow was further reduced to 30% of pre-compression levels. Xu *et al*\[[@ref19]\] suggested that epineurial blood flow transiently decreased following short-distance, and especially long-distance, compression. Blood flow decreased 34% by 1 hour after long-distance compression, and endoneurial blood flow did not obviously change. Epineurial blood flow significantly diminished after epineurial blood supply was destroyed and nerves were damaged by long-distance compression. Blood flow had decreased by 16% 3 hours after injury and endoneurial blood flow had not dramatically changed. Rydevik and Lundborg\[[@ref20]\] compressed rabbit sciatic nerves for 15 minutes and 6 hours at 50--600 mmHg, and indicated that light compression (50 mmHg, 2 hours) could induce epineurial edema and increases in vascular permeability, but endoneurial vascular permeability was not damaged. These results suggest that compared with endoneurial vessels, epineurial vessels are more sensitive to compression injury. The special structure of the vascular network between nerve tracts could protect endoneurial vessels. When the pressure was increased and compression time was prolonged, endoneurial vessels were damaged, resulting in edema in nerve tracts. The edema was extremely clear on the edge of compressed segments. Matsumoto\[[@ref21]\] reported that blood flow decreased in nerve tracts when the pressure reached 47.2 ± 3.7 mmHg. As pressure was gradually increased, intraneural blood flow was gradually reduced. Nerve blood flow was completely blocked when the pressure reached 118.6 ± 5.9 mmHg. When the pressure lasted 75 minutes and was relieved, the blood-flow speed was slower when compared with normal intraneural blood-flow. Nerve compression for 3 weeks caused grade II injuries, and nerve blood flow decreased by 80%. With decompression, nerve blood flow increased to levels that exceeded those before compression. The most significant changes in peripheral nerves following short-period slight compression were the changes in epineurial vessels. In contrast, with prolonged compression time and increased pressure intensity, the endoneurial vascular permeability was altered leading to nerve edema and increased hydraulic pressure. There was no lymphatic drainage in the perineurium, and increased hydraulic pressure caused endoneurial vascular occlusion and aggravated ischemia, resulting in a vicious circle. Intraneural edema and microcirculation disturbances coexisted following long-period compression, with the presence of axonal injury, myelin sheath decomposition, and protein exudation that finally resulted in scar formation, nerve fibrosis, and neurofunctional deficits\[[@ref21]\].

Cauda-equina nerve {#sec2-3}
------------------

Cauda-equina nerve lesion refers to a series of neurological deficits produced by cauda-equina nerve compression from absolute or relative lumbar spinal-canal stenosis. The blood supply comes from blood vessels branching off the spinal pia mater. It has been shown that while normally, superficial blood vessels are abundant and parallel to nerve fibers, once these blood vessels are compressed, ischemia occurs\[[@ref22]\]. Some scholars\[[@ref23][@ref24]\] reported that mean arterial pressure was 150 mmHg in nerve roots, and that 127 mmHg of pressure could block intraneural arteriolar blood flow. Further, 40 mmHg obstructed capillary blood flow and 30 mm Hg blocked venular blood flow. Rapid compression of cauda-equina nerves (0.05--0.1 second) had greater effects on neurotrophic supply than slow compression (20 seconds). Cerebrospinal fluid provided some nutrition for damaged nerves, but could not compensate for compression-induced disturbances in blood supply. Delamarter *et al*\[[@ref25]\] observed that when the cauda-equina nerve was pressed (25%) for 3 months, the seventh lumbar nerve root and dorsal root ganglion veins were slightly engorged, and histopathological changes were detectable. At 50% pressure, the nerve displayed edema and demyelination, and the seventh nerve root and dorsal root ganglia were moderately and severely engorged, respectively. At 75% pressure, the artery in the damaged region became severely narrowed and nerve root and dorsal root ganglia were obviously engorged. Axoplasmic transport in the distal nerve segment was blocked, and Wallerian degeneration was visible. Similarly, Takahashi *et al*\[[@ref26]\] compressed two regions of the cauda-equina nerve using air bags, and measured blood-flow changes between the two compression sites. Blood flow in the middle part decreased by 64% under 10 mmHg of pressure, disappeared completely between 10 and 20 mmHg, and recovered to normal at 200 mmHg for 10 minutes. However, following 2 hours of compression, recovery was slow and incomplete. Double compression can induce nerve ischemia, which is an important topic in the study of nerve compression-induced diseases. Double nerve compression-induced diseases are commonly found in thoracic outlet syndrome, sciatica, and back-leg pain\[[@ref27][@ref28]\]. Compression commonly occurs in at least two regions during peripheral nerve growth, and these diseases are chronic, lead to long periods of hypoperfusion, and affect normal nerve function\[[@ref29][@ref30]\]. Surgery or physical therapy cannot completely solve all the disease symptoms.

Spinal nerve root {#sec2-4}
-----------------

Spinal nerve root compression is commonly induced by intervertebral disc protrusion, tumor, and external trauma, which can cause varying degrees of motor and sensory functional disturbances. The cauda-equina nerve root in the dural sac has epidural space and a subarachnoid cavity. In contrast, intraspinal nerve roots have only a single space, and can thus be easily oppressed. Damaged nerve roots are connected to corresponding dorsal root ganglion, resulting in ganglion dysfunction. Blood supply at the spinal nerve root arrives from the proximal end of the spinal artery, and from the distal end of the radicular arteries of intervertebral foramina. The two blood-supply systems anastomose a third of the way from the distal end of the nerve root. The vascular density at the anastomotic site is low. Compared with the peripheral nerve, the arterial and venous networks of the spinal nerve root are not abundant, explaining why the spinal nerve root does not tolerate pressure well\[[@ref31]\].

Kobayashi *et al*\[[@ref32]\] measured blood flow in the nerve root of 12 patients before and after straight-leg-raising and after discectomy, and confirmed that blood flow decreased by 40--98% (mean 70.6 ± 20.5%), and recovered to normal within 1 minute of lowering the leg. Nerve roots of all patients were smooth during the straight-leg-raising test, and blood flow in nerve roots did not obviously decrease. Jespersen *et al*\[[@ref33]\] established rat L4 and L6 nerve root compression models, measured local blood flow and spinal-evoked potential under different pressures, and revealed that local blood flow increased in rats from the 0%-, 25%-, and 50%-pressure groups. Moreover, no significant difference in increased volume was detectable among groups. Nerve blood flow was lower in the 75%-pressure group compared with the lower pressure groups. Evoked-potential amplitudes changed in half the animals from the 50% pressure group and spinal-evoked potentials changed in the majority of animals from the 75% pressure group. Nerve conduction was damaged when the nerve was oppressed, but blood flow in nerve root was maintained between the two compression sites. These results were not consistent with the study results of the Takahashi *et al*\[[@ref26]\] described above. Whether these differences are correlated with the anatomic structure of different peripheral nerves requires further study.

Median nerve {#sec2-5}
------------

Median nerve paralysis is mainly induced by compression in the carpal canal. The carpal canal is located in the palm root, with the basal part and both sides composed of carpal bone. The transverse carpal ligament stretches across the carpal canal forming a bone-fiber channel. Chronic injury is often caused by long periods of excessive use of the hand and wrist that lead to luminal stenosis, and finally oppression of the median nerve. A previous study\[[@ref34]\] demonstrated that the permeability of the blood-nerve barrier of the median nerve increases when the nerve is oppressed with 60 and 90 g of pressure for 1 hour, as measured by MRI and protein tracing. Under the electron microscope, capillaries were tightly connected, and vesicular transport had increased\[[@ref34]\]. Using laser Doppler flowmetry, Barone *et al*\[[@ref35]\] revealed that normal nerve blood flow ranged from 47--63 mL/100 g per minute, averaged 56 mL/100 g per minute. Nerve blood flow tended to increase gradually from the injury site to distal end. This conclusion presumed that nerve blood flow was bidirectional. Nerve blood-supply provided blood from the distal end to the proximal end after the proximal end was oppressed, showing a tendency to gradually decrease.

Peroneal and tibial nerves {#sec2-6}
--------------------------

Rydevik *et al*\[[@ref36]\] discovered that the pressure of 20-- 30 mmHg affected venular blood flow. The pressure of 40--50 mmHg prevented intraneural arteriolar and intrafascicular capillary blood flow. The pressure of 60--80 mmHg completely blocked nerve blood flow. Nerve blood flow was slow 3 and 7 days following 400 mmHg of pressure for 2 hours. These data suggested that acute compression induced neurovascular mechanical injury and blood-nerve barrier destruction, resulting in damage to intraneural microcirculation. De la Motte and Allt\[[@ref37]\] reported that a large number of horseradish peroxidase exudated from blood capillaries at 0.5 hours and 2 days following peroneal nerve compression. Injured blood vessels and isolated endothelial cells were visible, but there were no abnormal blood vessels or exudation at the proximal or distal ends of the injured site. Twenty-one days following injury, horseradish peroxidase exudation was found in the endoneurium and surrounding intraneural blood vessels at the injured site and distal end. No remarkable changes were detected at the proximal end of the nerve.

CONCLUSION {#sec1-4}
==========

In summary, peripheral nerve microcirculation is characterized by: (1) Bidirectional blood supply. The blood supply to the distal segment is significantly larger than that to the proximal segment. (2) The density of intraneural anastomotic branches varies depending on the location. Anastomotic branches in the middle region are fewer than at the proximal and distal ends. (3) The changes in blood flow are not directly correlated with the changes in vascular density and number during neural regeneration. (4) Peripheral nerve compression at varied pressures and time durations induces varying degrees of neural injury.

Although the symptoms of peripheral nerve compression-induced diseases vary in different regions, pathogenesis following nerve compression is always a mechanical injury accompanied with changes in microcirculation, which in turn induce axonal injury and myelin sheath injury, and finally form scars and fibrosis.

Taken together, improving nerve microcirculation is a critical key for treatment of these diseases. Currently, the method of improving nerve microcirculation contains surgery, vasoactive agents and physical therapy. Studying the effects that blood regulatory and hemodynamic mechanisms, neurotrophic factors, and neural genes have on nerve microcirculation is certainly important for better treatment of nerve compression-induced diseases\[[@ref38][@ref39][@ref40][@ref41][@ref42]\].
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